Abstract-South Africa has a long history of lightning research. Tall towers provide a useful tool for investigating lightning as they generally have a high repeatability of events. The Johannesburg region in the Gauteng province has two tall towers, the Brixton tower and the Hillbrow tower, with a high frequency of lightning events. This paper presents a project beginning in January 2017 and aims to study the physics of lightning through high-speed video observation and fast electric field measurements. Thunderstorms over Johannesburg have a high cloud base which allows for visible channels from the tall towers. More than 200 videos of downward and upward flashes were observed since the project started. Also, 6 flashes to a 53 m tall building were observed. The project also aims to raise awareness around lightning dangers in Africa.
INTRODUCTION
South Africa has a long history of research into lightning to tall structures [1, 2] . The purpose of this paper is to present a project that is to be undertaken in 2017-2018. This is a scientific project that aims to investigate the physics of lightning by high-speed video observation along with electric field measurements and potential current measurements as well in Johannesburg, South Africa. It is part of an international collaboration between Brazil, USA, Austria and Sweden. Historically, these are all locations where tall tower investigations of lightning have been performed (using highspeed camera observations, electric field measurements, current measurements or a combination of these). Tall towers provide a useful tool for investigating lightning as they generally have a high repeatability of events. The Johannesburg region has two tall towers, the Brixton tower and the Hillbrow tower, with a high frequency of lightning events. However, these events are usually upward in nature, and an investigation of the density of lightning over Johannesburg to determine other, less tall locations is considered.
II. JOHANNESBURG, SOUTH AFRICA
Johannesburg is the main economic city in South Africa and can be found in the north-east of the country. It is the location of much of the industry in South Africa. It is also notable for its altitude -approximately 1600 m above sea level. Figure 1 shows the skyline of Johannesburg. This photograph is taken from the north facing south through the city. Two tall towers on either ends of the skyline can be seen. These are the Brixton (right) and Hillbrow (left) tower. The Brixton tower is west of the city and Hillbrow tower is east. Figure 2 is a sketch of the height, and distance between the towers. The SALDN consists of 25 Vaisala LS7000 sensors located across the country (with one sensor located in Swaziland) and has been operational since 2006. SAWS has collected more than 10 years worth of lightning data over the whole country. The network has an estimated average detection efficiency of 90% and approximately 500 m median location accuracy.
As can be seen in figure 3 , the areas of highest lightning flash density are to the north-east of the country, in region known as the Mpumalanga province. Johannesburg is located close to this region (indicated in the figure), not quite in the highest flash density region but still high with approximately 10-15 flashes/km 2 /year. The combination of the tall towers, altitude, cloud base and high flash density make Johannesburg a unique and relevant choice for lightning studies.
A. Lightning Occurrence over Johannesburg
Utilizing Gaussian smoothing techniques, lightning location system data can be further interrogated for more detail. Gaussian smoothing techniques utilize the confidence ellipses of stroke reports to represent a stroke as a distribution rather than a single point. In this way, it is possible to create flash density maps that are independent of resolution -ideal for looking at areas smaller than 10×10 km. Given that each attachment point has been "spread out" and is rather represented as a fraction over the grid, no actual values can be attributed to the values but visual density trends are clearly displayed. Gaussian smoothed maps can be used to investigate even further - figure 5 shows a similar image but only over the University of the Witwatersrand campus, located roughly in the city center about half-way between the Brixton and the Hillbrow tower. By examining the smaller area and excluding the Brixton and Hillbrow tower, more detail can be gained on specific locations around the city center and campus. It can be seen in the Figure 5 that there are a number of locations that seem to have been struck multiple times in the last 10 years. Five locations are identified on the map:
• The SABC broadcasting buildings
• A light post on a WITS football field
• The Origins Centre building on WITS campus
• The Protea Hotel in Braamfontein, Johannesburg
• The WITS Education Campus
None of these locations are significantly tall towers and it is very likely that the events they have endured are downward lightning events. The SABC broadcasting buildings, while close to the Brixton tower is sufficiently far away (1 km) so as not to be protected by the Brixton tower. Also of interest, is the Protea hotel in the Braamfontein area, a dense city area and yet, the Protea hotel clearly is struck fairly regularly, likely due to its height.
B. Previous Photographic Studies
Since 2009, a simple surveillance system to photograph lightning attachments to the Brixton tower was in operation. The system was initially installed to capture lightning images for 3-dimensional modeling of the lightning channel but was later used as a ground-truth location for comparison with the SALDN. The system consisted of a simple motion-triggered camera located at the University of the Witwatersrand and looking east towards the Brixton tower with an approximate field of view of 55° [4] The system initially operated from 2009-2013 but was shutdown in 2014. It was reinitiated in 2015 with a second camera added looking at the tower from a different perspective. Table 1 shows the number of flashes to the Brixton tower photographed by the camera for each season since 2009. The cases are separated between upward flashes and downward flashes and, as expected, the majority of flashes to the tower are upward. However, some downward events do also attach to the tower. Also notable in the photographs is the clarity of the channel -the cloud base is far above the top of the tower allowing for a complete view of the channel, unlike many other tall towers in the world, which find themselves reaching into the clouds and therefore obscuring the visibility of any lightning events that may attach to them.
III. HIGH-SPEED VIDEO STUDY Before Abbreviations and Acronyms

A. Collaborators
The project has a number of collaborators who assist both with equipment and experience: ZT Research in South Dakota, USA and INPE in São Paulo, Brazil have performed similar studies in their respective countries and SAWS and EarthNetworks operate lightning location systems. This section details the nature of the projects performed by these collaborators and highlights how their knowledge and results feed into the South African project.
1) ZT Research
Tom Warner, of ZT Research, has worked with high-speed cameras since 2010 in Rapid City, USA. The city has 10 towers that produce upward lightning [5] . Figure 7 shows a frame from a high-speed video, which captured upward lightning events from towers in Rapid City. The researchers spent four summers recording flashes in Rapid City along with electric field measurements provided the Brazilian National Institute for Space Research (INPE). Tom Warner lent two high-speed cameras (10,000 and 1,000 frames per second) to the project in South Africa and is involved in all research analysis. 
2) Brazilian National Institute of Space Research (INPE)
The INPE team has experience with high-speed cameras and flat plate electric field measurements since 2003, and are pioneers on the characterization of the different polarities of flashes by images [6] [7] . The team are have lent a flat plate electric field sensor, able to record data continuously at 5 MSamples/s to the South African project. Collaboration and comparison with ongoing research in São Paulo, Brazil (upward lightning to Jaraguá peak and downward lightning to normal apartment buildings) allows for comparison between data sets.
3) SAWS
SAWS has a long-standing agreement with the research group regarding the use of the SALDN data. The data provides insight into the filmed high-speed cases and simultaneously the video observation provide and ideal ground-truth data set for comparison with SALDN stroke detections and reports.
4) EarthNetworks
EarthNetworks have recently begun implementing a lightning location system in South Africa and similarly, there is value in comparing high-speed video observations with reports from such a network.
B. Equipment and Experimental Setup
The two high-speed cameras provided by ZT Research and being used for the study are the Phantom v310, Phantom v7.1. In general, the v310 records at approximately 15000 fps with an exposure time of 58μs and the v7.1 at 5000 fps with an exposure time of 990μs. The different frame rates of the cameras and their subsequent exposure times and resolution allow for each recorded flash to be separately analysed. analysed separately -optimising the accuracy of the characterization process. Figure 8 shows where the two high-speed cameras are located -an area north-west of the Johannesburg city center on a ridge known as Northcliff hill -along with the locations of the Brixton and the Hillbrow tower, and the city center between them. The camera view over the city is therefore the same as shown in figure 1 , the skyline of Johannesburg. Also shown in figure 8 the locations of a number of simple surveillance camera setups similar to those used in the previous photographic study. However, here cameras located at the University of the Witwatersrand look not only to the Brixton tower but also at the Hillbrow tower and the city centre. Another on of these camera setups is located on the 52 nd floor of a building known as Ponte, a tall apartment building in the city not far from the Hillbrow tower. Figure 9 shows a photograph of a lightning event to the Hillbrow tower taken by the South African photographer Jonathan Wood. These simple surveillance camera setups provide additional information to the high-speed video observations, giving a different perspective on the channel and allowing for identification of strike-points that may not have been visible from the high-speed footage.
C. Methodology
For the end of the season (January -May 2017) and the following season (October 2017 -May 2018), the high-speed camera setup and surveillance camera setup were activated and capturing video footage of lightning during thunderstorm over South Africa.
For each filmed lightning flash, the following categorizations were performed based on the video: 
IV. FIRST RESULTS: 2017 -2018
During this first year of high-speed video recording in Johannesburg, 168 downward flashes were recorded. Upward flashes also were observed from Johannesburg towers and tall buildings. A total of 45 upward flashes were registered. Table 2 shows a summary of the lightning events captured by highspeed video over Johannesburg from February 2017 to February 2018. A. Downward flashes A total of 155 negative downward flashes, 6 positive downward flashes and 1 bipolar downward flash were recorded. A bipolar flashes was considered only when a channel was used to transfer different polarities of charge. In addition to this amount, 6 downward flashes were classified as triggering flashes due to the occurrence at the same time and framed in the same camera view of upward flashes. These triggering flashes were observed to be 5 positive downward flashes and 1 bipolar flash.
The number of strokes and statistics for the duration of each flash consider all registered downward strokes, including triggering events. A total of 605 negative strokes and 13 positive strokes were recorded. Figure 10 shows a frame taken for a high-speed video of a downward flash over Johannesburg. Table III summarizes The two bipolar flashes began with a single positive stroke followed by 2 and 3 negative strokes respectively. The strokes followed the same channel and attached to the same strike point. The bipolar flash that had 4 strokes, triggered an upward leader from the Brixton tower 2 kilometers from the downward strike point. The upward leader started after the positive stroke and the following 3 negative strokes happened during the continuous current of the upward leader. Both bipolar flashes follow the same structure as that seen by Saba et al. [8] . As presented by Kitagawa et al. [9] , Brook et al.
[10] Shindo and Uman [11] , Ballarotti et al. [12] the continuous current can be defined by the duration and the terms are "very short" for durations from 3 ms up to 10 ms, "short" for durations between 10ms up and 40 ms and "long" for cases where the duration is more than 40 ms. The continuous current duration for negative and positive strokes is presented in Table IV . 
B. Upward Flashes
From a total of 43 upward flashes that were recorded, 41 were negative upward flashes and 2 were positive upward flashes. Negative upward flashes are the flashes that transfer negative charge to the ground, i.e. the upward positive leader propagates toward to the cloud. The image obtained from the high-speed camera shows a leader with no branches. On the other hand, positive upward flashes have branched negative upward leaders propagating towards the cloud. Figure 12 shows the two types of upward leader: a) positive and nobranched upward leader and b) negative and branched upward leader. Upward flashes were recorded mainly from the Brixton and Hillbrow tower. For the multiple tower-involved cases, 10 out of 11 had both towers producing upward leaders (4.8 km from each other), one case had three upward leaders from both towers and also the SABC building (115-meter building). One other case involved a 90 m tall tower 2.5 km from the Hillbrow tower and the Hillbrow tower.
Upward flashes start with an upward leader propagation that is known in the literature as a Initial Continuous Current (ICC), any fluctuation of luminosity in this stage are designated as ICC pulses. After this stage the upward flash can end or, after some tens of milliseconds, a downward leader can use the ionized channel to transfer charge to the ground (Return Stroke). These return strokes can then be followed by continuous current. The luminosity of upward flashes can be summarized as in the figure 13. The average and maximum duration of upward initial continuous current stages were 405ms and 990ms respectively. 398 pulses were registered in the 41 negative upward flashes. Table V shows some of the characteristics of the upward flashes filmed over Johannesburg. 
C. Potential current measurement:
A number of lightning events were observed attaching to a 53 m tall apartment building (Figure 14) . From the SALDN and videos, this building was struck by positive, negative and bipolar downward flashes. a) b)
V.
SUMMARY
The Johannesburg scientific project aims to investigate the physics of lightning by high-speed video observation along with electric field measurements. All equipment and collaborations available were presented. Previous studies about the location were also provided.
A total of 168 downward flashes and 43 upward flashes were characterized. Characteristics of 13 positive and 605 negative strokes and 41 negative upward flashes were presented. Flashes with almost 1 second connected to ground: negative downward flash (929ms) and upward flash (990ms).
One building in particular presented an ideal location to install a current system for natural downward flash measurement. Towers approximately 250 meters-tall and 4.8 km from each also are potential locations for the installation of a current measurement system due to number of upward flashes. The current system combined with high-speed video and the high cloud base in Johannesburg would provide more information about the initiation of flashes.
